Abstract: Myelofibrosis, a Philadelphia-negative myeloproliferative neoplasm, is in a new treatment era after the discovery of the JAK2V617F mutation in 2005. JAK inhibitors boast improvements in disease-related symptoms, splenomegaly, and overall survival; however, treatment of myelofibrosis remains a challenge, given the lack of improvement in cytopenias with these agents. Second-generation immunomodulatory agents, such as pomalidomide, have shown efficacy in myelofibrosis-associated anemia within multiple clinical trials. Five major pomalidomide clinical trials have been completed to date, and demonstrate tolerability and efficacy with low-dose pomalidomide (0.5 mg/day) in the treatment of myelofibrosis, and no clinical benefit of elevated dosing regimens ($2.5 mg/day). Anemia responses ranged from 17% to 36% as per the International Working Group for Myelofibrosis Research and Treatment consensus guidelines, while improvements in splenomegaly were rare, and observed in ,1% of most clinical trials. In comparison with earlier immunomodulatory agents, pomalidomide was associated with an improved toxicity profile, with substantially lower rates of myelosuppression and neuropathy. Given the low overall response rate to pomalidomide as a single agent, combination strategies are of particular interest for future studies. Pomalidomide is currently being tested in combination with ruxolitinib, and other novel combinations are likely on the horizon.
circulating blasts .1%, and constitutional symptoms. Risk categories are low (score 0), intermediate-1 (score 1-2), intermediate-2 (score 3-4), and high (score 5-6), with median overall survival decreasing with increased risk. Each variable contributes one point to the overall score, with the exception of anemia, which accounts for a 2-point contribution. This underscores the importance of anemia in prognostication with regard to myelofibrosis and highlights the overall impact of a hemoglobin level ,10 g/dL on calculation of risk and subsequent therapeutic recommendations.
Currently, the only treatment modality that offers potential for cure is allogeneic stem cell transplantation. 8 For patients with low-risk disease and those who are not transplant-eligible, the therapeutic options are palliative in nature and aim to reduce disease-related symptoms. Classic treatment options include hydroxyurea, erythropoietin, interferon, androgens, immunomodulatory medications (IMiDs), corticosteroids, splenic radiation, and splenectomy. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Agents are often employed in combination, particularly cytoreductive agents and those that aim to improve anemia, such as erythropoietin, corticosteroids, and androgens. Combination therapy with the androgenic agent danazol is a therapeutic strategy that is currently under active clinical investigation (ClinicalTrials.gov NCT01732445).
The therapeutic armamentarium for myelofibrosis has recently expanded after the discovery of the JAK2V617F mutation in 2005 and the subsequent development of JAK inhibitors. 19, 20 Ruxolitinib, the first JAK inhibitor approved by the US Food and Drug Administration, has led to significant improvements in symptom burden, decreased splenomegaly, and improvement in overall survival; however, its clinical utility is often restricted by dose-limiting anemia. [21] [22] [23] Responses to ruxolitinib in patients with wild-type JAK are observed, reflecting the underlying activation of the JAK-STAT pathway occurring in the pathogenesis of myeloproliferative neoplasms. Novel agents and combinations are under active investigation, particularly agents that offer improvement in erythropoiesis. 24 Multiple studies have investigated the therapeutic potential of IMiDs, such as thalidomide and its subsequent analogs, lenalidomide and pomalidomide, in the treatment of myelofibrosis. In this review, we focus on the history of IMiDs and their clinical application in myelofibrosis, with particular attention to the clinical trials that have evaluated pomalidomide in the treatment of myelofibrosis.
Thalidomide: the initial immunomodulatory agent
Thalidomide, the first of the IMiDs, was first introduced in the late 1950s for use as a sedative hypnotic agent. 25 However, its use was halted after the discovery of secondary congenital malformations associated with ingestion in pregnant women. 26 IMiDs as a class, and thalidomide in particular, were stigmatized and thought to be of little medicinal value until the 1990s, when interest in thalidomide was renewed on the basis of it being an antitumor agent. Thalidomide was found to be an inhibitor of angiogenesis, a pathogenic mechanism known to be important in many malignancies. 27 In 1999, thalidomide was found to be active against advanced multiple myeloma, inducing marked and durable responses, including in patients who relapsed after chemotherapy. 28 Interestingly, a myeloproliferative-like reaction was observed in patients receiving thalidomide. 29 Despite the myeloproliferative reaction observed in some patients treated with thalidomide, the antiangiogenic mechanism implicated in thalidomide therapy resulted in continued optimism for use of this agent in the treatment of myelofibrosis. In 2001, thalidomide was administered to 21 patients with myelofibrosis who were not responsive to standard treatment. Significant improvements in associated anemia and thrombocytopenia were observed with standard doses of thalidomide (.100 mg/day). Despite this, treatment was burdened by a high rate of side effects, which prevented prolonged treatment. 30 Subsequently, multiple other small trials observed a response in patients with myelofibrosis who received thalidomide. [31] [32] [33] In 2003, a prospective Phase II trial of the combination of low-dose thalidomide and prednisone investigated the tolerability and efficacy of a reduced dose of thalidomide (50 mg/day) in the treatment of myelofibrosis. 34 An objective clinical response was demonstrated with regard to anemia in the majority (62%) of treated patients, and spleen size decreased in 4/21 patients (19%). Low-dose thalidomide and prednisone therapy was generally tolerable, with 95% of patients enrolled being able to complete 3 months of treatment, indicating that this combination was a promising new regimen for treatment of cytopenias associated with myelofibrosis. 34 Later studies corroborated these findings, and confirmed the efficacy of single-agent, low-dose thalidomide; however, low-dose thalidomide was not effective in all patients and responses were often not sustainable. Additionally, although tolerable at reduced doses, thalidomide was associated with a heavy side effect profile, including somnolence, cytopenias, and neuropathy. [35] [36] [37] [38] [39] [40] [41] [42] Lenalidomide: a potent thalidomide analog Given the significant side effect profile of thalidomide, pharmacological analogs were developed in an effort to 
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Pomalidomide in myelofibrosis obtain therapeutics with enhanced efficacy and decreased toxicity. 43 Thalidomide analogs were found to be associated with a more potent direct antitumor and antiangiogenic effect in vivo. 44 Much of the momentum for investigation of lenalidomide, one of the potent thalidomide analogs, was for use in patients with multiple myeloma. 45 Interestingly, the biochemical mechanism for antitumor activity with thalidomide analogs is currently unknown. However, thalidomide was recently shown to inhibit cereblon ubiquitin ligase, subsequently altering the ikaros family zinc finger proteins 1 and 3 (IKZF1 and IKZF3), which are necessary and sufficient for the therapeutic effect of lenalidomide in myeloma cell lines. 46 Clinical trials in multiple myeloma found lenolidamide to be efficacious and tolerable. The use of lenolidamide continues to be a mainstay of treatment for those afflicted with multiple myeloma. 47 In 2006, lenalidomide was tested in myelofibrosis. In that year, two Phase II studies were conducted in a total of 68 patients with myelofibrosis. 48 Response rates were 22% for anemia, 33% for splenomegaly, and 50% for thrombocytopenia. Additional treatment effects included resolution of leukoerythroblastosis in four patients, a decrease in medullary fibrosis and angiogenesis in two patients, and del (5) cytogenetic remission accompanied by reduction in JAK2V617F allelic burden in one patient. Grade 3 or greater thrombocytopenia (19%) and neutropenia (31%) were observed. Later, other cases of cytogenetic remissions of myelofibrosis with del (5) and JAK2V617F were discovered after treatment with lenalidomide. 49 In 2009, a Phase II study evaluated the efficacy of a combination of lenalidomide and prednisone. 50 In this study, 40 patients with myelofibrosis were treated and overall response rates were 30% for anemia and 42% for splenomegaly. Ten patients had a reduction in reticulin fibrosis and eight patients experienced a reduction in their baseline mutant allele burden. Grade 3 or higher toxicity occurred, including neutropenia (58%), anemia (42%), and thrombocytopenia (13%), but was generally well tolerated. A high proportion of patients lost their response after discontinuation of lenalidomide. Although lenalidomide offered promising results, improved tolerability and durability was desired in the treatment of myelofibrosis. Further second-generation IMiDs were created, in the continued hope for better toxicity profiles and enhanced erythropoietic activity.
Pomalidomide: a potentially more tolerable immunomodulatory agent
While both thalidomide and lenalidomide offered improvements in anemia and splenomegaly for patients with myelofibrosis, their therapeutic application was limited by rates of neuropathy and myelosuppression. Pomalidomide, another potent second-generation IMiD, which had shown activity in multiple myeloma, offered new hope for achieving a better toxicity profile and improved erythropoietic activity in myelofibrosis. 51, 52 Here we discuss the major clinical trial contributions establishing the role of pomalidomide in the treatment of myelofibrosis (see Table 1 ).
In 2009, Tefferi et al reported on a randomized, multicenter, double-blind, adaptive-design Phase II study with four treatment arms, including pomalidomide 2 mg/day plus placebo, pomalidomide 2 mg/day plus prednisone, pomalidomide 0.5 mg/day plus prednisone, and prednisone plus placebo. 53 In this study, 84 patients with myelofibrosis-associated anemia were randomly assigned to one of the four treatment arms. The treatment arms were well balanced in terms of patient characteristics, including age, median disease duration, and transfusion dependence. More than 70% of patients in each treatment group were transfusion-dependent. Pomalidomide 2 mg or 0.5 mg (or placebo) was administered daily for up to twelve 28-day treatment cycles, with the option to continue treatment beyond /L or a palpable spleen size $10 cm correlated with lower response rate; however, only leukocytosis remained significant in multivariable analysis. Grade 3 or higher adverse events included neutropenia (8%), thrombocytopenia (11%), pneumonia/sepsis (11%), and venous thrombosis (4%). This study identified pomalidomide at a dose level of 0.5-2 mg/day with or without a short course of concurrent prednisone to be well tolerated and efficacious in the treatment of myelofibrosis, with the suggestion that low-dose pomalidomide (0.5 mg/day) with prednisone therapy might be as effective and less toxic than higher dosage strategies. Anemia response rates were observed to be as high at 40% in a population that was highly transfusion-dependent, while by comparison prior singleagent thalidomide or lenalidomide studies reported an anemia response rate of 20% or 22%, respectively. The drug was noted to exert minimal myelosuppression when compared with older IMiDs. This study established pomalidomide firmly within the therapeutic armamentarium for myelofibrosis, but further studies were needed to validate the results, assess the impact of pomalidomide on survival, leukemic transformation, bone marrow histology, cytogenetics, and JAK2V617F allelic burden.
In 2010, Mesa et al performed a dose-escalation trial to determine whether higher doses of pomalidomide were effective and well tolerated. 54 The trial was a classic 3×3 design that included patients with myelofibrosis and hemoglobin less than 8.0 g/dL or requiring RBC transfusions and/or symptomatic splenomegaly. Pomalidomide was administered at a starting dose of 2.5 mg/day for 21 days on a 28-day cycle. The dose was increased by 0.5 mg/day if no dose-limiting toxicity was observed, including $ grade 4 hematologic, $ grade 3 febrile neutropenia, or $ grade 3 non-hematological toxicity in cycle 1. Cohorts were enrolled until the maximum tolerated dose was determined, as defined by the dose level prior to that resulting in dose-limiting toxicity in more than one in six patients. In the Phase II portion of the study, subjects were treated at the maximum tolerated dose. Nineteen patients with myelofibrosis were enrolled into the trial, with most being RBC transfusion-dependent (58%) and having palpable splenomegaly (84%) and IPSS intermediate-2 risk or greater (78%). The median duration of disease prior to enrollment was 24 (range 1-173) months. Eleven patients received pomalidomide at a dose of .2.5 mg/day, with an anemia response per IWG-MRT criteria in 18% and spleen responses in 22%. Reversal of myelofibrosis-associated thrombocytopenia was noted in some subjects. Responses occurred after a median of 4 (range 2-9) months. The maximum tolerated dose was 3.0 mg/day given on 21 of 28 consecutive days, with myelosuppression being the dose-limiting factor. Most responses occurred after reduction of the dose to 0.5 mg/day, suggesting that higher doses are associated with increasing myelosuppression without increasing efficacy. Non-hematological toxicity was uncommon at any dose, with grade 3 fatigue at 3.0 mg/day observed in one subject. This study reiterated the results of the initial study performed by Teferri et al suggesting that low-dose pomalidomide is well tolerated and efficacious in the treatment of anemia associated with myelofibrosis.
A Phase II clinical trial was conducted in 2011 by Begna et al who evaluated the efficacy of low-dose pomalidomide and predictors of response. 55 These investigators enrolled 58 patients with myelofibrosis, all in the high or intermediate-2 risk category, the majority (79%) of whom were RBC transfusion-dependent. Pomalidomide 0.5 mg was administered daily for 28 days to represent one treatment cycle. Dose escalations were allowed in the absence of drug side effects. A total of 49 (84%) patients completed at least three cycles of therapy. Ten patients (17%) achieved an anemia response per IWG-MRT criteria, 90% of whom became RBC transfusion-independent. The median time to response was 2.3 (range 1-4.6) months and the median duration of response was 2.3 (range 5. 
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Pomalidomide in myelofibrosis were observed. However, anemia responses were significantly associated with the presence of JAK2V617F mutation (P=0.03) and the absence of marked splenomegaly (P=0.04). Pomalidomide therapy also resulted in a .50% increase in the platelet count for 14 (58%) of 24 patients with a baseline platelet count of #100×10
9
. Amongst platelet responders, the median platelet count increased from 82×10 9 (range 32-100) to 160×10 9 (range 61-332). Grade 3 or 4 adverse events were infrequent (7%), with grade 3/4 neutropenia or thrombocytopenia occurring in 0% and 2% of patients, respectively. No patient discontinued therapy secondary to adverse events. Begna et al demonstrated the safety and therapeutic value of single-agent, low-dose pomalidomide in the treatment of anemia associated with JAK2V617F positive myelofibrosis, particularly in the absence of splenomegaly.
Later in 2012, Begna et al performed another analysis looking at the long-term outcomes of pomalidomide therapy in MF. 56 In that analysis, 94 patients in two consecutive clinical trials had an overall anemia response rate of 27%, which increased to 53% in JAK2V617F-positive patients with ,10 cm palpable spleno megaly and ,5% circulating blasts. The response rate was 0% in mutation-negative patients with either .10 cm spleno megaly or .5% circulating blasts (P=0.0001). The median duration of anemia response was 16 (range 1-32) months. Only one patient (1%) met the IWG-MRT criteria for a spleen response. Of 34 patients with a baseline platelet count of ,100×10 9 , 20 (59%) experienced a .50% increase in platelet count, which was predicted by the presence or absence of an anemia response (P=0.03). The majority of patients (89%) had discontinued treatment by 2 years, while eight patients (9%) remained on treatment for a median duration of 34 (range 22-51) months. Interestingly, grade 1 sensory neuropathy developed in four (13%) of 30 patients treated for 12 months or more at a dosage of $2 mg/day. To evaluate survival, a comparison patient group with population characteristics matching those of the clinical trial participants were selected, including similar DIPSS risk profiles and hematological study eligibility criteria. Risk-adjusted survival was similar between patients with myelofibrosis who were (n=72) and were not (n=471) exposed to pomalidomide. This analysis underscored the palliative nature of pomalidomide therapy, and highlighted the potential for development of sensory neuropathy with long-term use.
While the Phase I/II study by Mesa et al was underway, Daver et al initiated another Phase II study of single-agent pomalidomide in patients with myelofibrosis and significant anemia. 57 This study was undertaken in two parts, one evaluating the toxicity and efficacy of pomalidomide at a dose of 3.0 mg/day at the 21 days on/7 days off schedule, and the other at a dose of pomalidomide 0.5 mg/day continuously. Response was per IWG-MRT criteria for anemia response however, unlike prior clinical trials of pomalidomide in myelofibrosis, the attainment of transfusion independency was assessed per Delphi consensus criteria. All 21 patients enrolled to receive single-agent pomalidomide at a dose of 3.0 mg/day were intermediate-2 DIPSS or higher. Over a median follow-up of 3 (range 0.4-5.5) months, 12 patients discontinued therapy because of drug-related toxicity (n=6, 29%), comorbidities (n=1, 10%), progression to acute myeloid leukemia (n=1, 5%), or patient preference (n=3, 14%). Due to poor tolerance and a high early dropout rate, further enrollment was suspended. Twenty-nine patients were enrolled to receive 0.5 mg/day continuously. Mean hemoglobin at the time of study was 9.0 g/dL and ten patients were RBC transfusion-dependent per Delphi criteria. The median follow-up was 23.6 (range 1.2-28.5) months. Three of the 29 patients (10%) met the response criteria for clinical improvement in hemoglobin per IWG-MRT criteria, none of whom were transfusion-dependent at initiation of therapy. The median time to response was 1.6 (range 3.8-19.5) months. Of the ten patients who were RBC transfusion-dependent at the time of enrollment, two (20%) became transfusion-independent. Univariate analysis did not correlate response with age, hemoglobin, leukocyte count, platelet count, circulating blasts, presence of JAK2V617F mutation, presence of constitutional symptoms, prior therapy, transfusion dependence, splenomegaly, risk score, cytogenetics, or subtype of myelofibrosis. No responses were observed in splenomegaly. One patient was observed to have a 100% increase in platelet count. No significant change in JAK2V617F allelic burden occurred in patients on therapy. Treatment-related toxicities in patients who received pomalidomide 0.5 mg/day included grade 1 neuropathy in one patient and grade 3 neutropenia in one patient. The results of this study are in concordance with prior studies showing that low-dose pomalidomide is well tolerated and has an erythropoietic effect in patients with myelofibrosis. However, although pomalidomide may represent an effective and well tolerated regimen for selected patients with myelofibrosis and anemia, overall response rates remained low. Combination therapeutic techniques using pomalidomide with other agents that could potential improve response rates as well as symptomatic splenomegaly became an active area of investigation.
Daver et al evaluated combination therapy with pomalidomide and prednisone for the treatment of myelofibrosis in a Phase II trial in 2014. 58 This study evaluated 29 patients, 18 of whom were transfusion-dependent, who received pomalidomide 0.5 mg daily in continuous 28-day cycles, with prednisone administered on a taper schedule for three cycles. Prednisone 
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Gowin and Mesa was administered at a dose of 30 mg/day for the first cycle, 15 mg/day for the second cycle, and 15 mg every other day for the third cycle. Pomalidomide was continued for at least 6 months if tolerated. Eighteen patients (62%) were transfusion-dependent at baseline, and four (22%) achieved transfusion independence as defined by Delphi consensus criteria. The median time to transfusion independence was 92 (range 21-130) days. Of the 29 patients enrolled, five remained on study at the time of response analysis. Two patients achieved a documented response, including clinical improvement in spleen size per IWG-MRT criteria in one patient and transfusion independence per Delphi consensus criteria in the other patient. The remaining 24 patients discontinued therapy due to lack of response (n=18), progressive disease (n=2), loss of response (n=1), grade 3 toxicity (n=1), and patient preference (n=2). The most common toxicities involved grade 1 gastrointestinal disturbance in five patients and grade 3/4 fatigue in one patient.
A Phase III study of pomalidomide in myeloproliferative neoplasm-associated myelofibrosis with RBC transfusion dependence was recently completed. 59 In this study, 252 patients with myelofibrosis were randomly assigned to continuous treatment with pomalidomide 0.5 mg/day or placebo. Interestingly, anemia response rates in the cohorts were similar (16% per Delphi criteria), as were response durations. In contrast, platelet response rates were significantly different between cohorts (22% for pomalidomide versus 0% for placebo). The authors concluded that responses to pomalidomide and placebo differed, but were not distinguished by Delphi response criteria, and additional research designs are needed to study the efficacy of pomalidomide in myelofibrosis.
In general, pomalidomide and other IMiDs offer therapeutic value in improving erythropoiesis, with differing side effect profiles and spleen responses when applied at a low dose with concurrent steroid therapy ( Table 2) . Pomalidomide has emerged as the IMiD with the least treatment-related toxicity; however, no true analysis comparing IMiD agents has been performed, so data comparing IMiD medications should be interpreted with caution.
Despite the multiple clinical trials completed to date investigating pomalidomide in the treatment of myelofibrosis (Table 1) , no clear consensus on efficacy has emerged from the data. This can be attributed to differences in study design, including dosing strategies, sample size, and response criteria utilized. In particular, Phase III analysis results were underwhelming and less impressive than prior Phase II analysis. The difference may be secondary to the differential definitions of transfusion dependence, being more stringent in Phase III analysis and including the most symptomatic of patients, potentially hiding the benefit. Additionally, the eligibility was stricter in Phase III analysis, potentially missing benefit of pomalidomide for patients with milder anemia.
Moving forward, the rational next step in applying this important therapeutic agent to the myelofibrosis patient population is with combination therapy. Investigation of combination therapy with the JAK inhibitor ruxolitinib and pomalidomide is underway, with initial feasibility and toxicity data available (ClinicalTrials.gov NCT01644110). 60 At the time of this interim analysis, six patients with myelofibrosis were enrolled. The median time on treatment was 4.3 (range 1-9.4) months. Ruxolitinib was maintained at 10 mg twice daily in five patients, and escalated to 20 mg twice daily in one patient until cycle 6 and administered concomitantly with pomalidomide 0.5 mg daily. No grade 4 toxicity was observed. Notably, anemia was worsened in five patients and one patient developed neuropathy. In general, the combination was well tolerated and the observed toxicities 
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Pomalidomide in myelofibrosis were within the expected range according to the reported toxicity profiles for the respective single agents. The trial has continued recruitment and we await efficacy data, with the primary study endpoint being response rate after 12 treatment cycles according to IWG-MRT criteria.
Conclusion
A new era of therapy has evolved in the treatment of myelofibrosis. Since the discovery of the JAK2V617F mutation in 2005 and the subsequent development of therapeutic JAK inhibitors, treatment for primary, post essential thrombocytosis, and post polycythemic myelofibrosis has been revolutionized. The advent of ruxolitinib has led to improvements in symptom burden, splenomegaly, and even overall survival. 21, 22 Despite the important contribution of ruxolitinib to patients afflicted with myelofibrosis, JAK inhibitor therapy remains undermined by significant treatment-related anemia and thrombocytopenia, which is often dose-limiting. 61 The newest of the immunomodulatory agents, pomalidomide, has emerged as an asset in the treatment armamentarium for anemia associated with myelofibrosis. Its use is associated with tolerable toxicity; however, modest response rates and little effect on splenomegaly are observed. The future of treatment for myelofibrosis may lie in combination-based approaches wherein pomalidomide may play an integral role in stimulating erythropoiesis. Currently, investigation is underway evaluating pomalidomide in combination with ruxolitinib for the treatment of myelofibrosis with associated anemia. More novel combination therapy trials with pomalidomide are likely to be on the horizon for patients afflicted with myelofibrosis and anemia.
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